Recent advances in high-resolution ocean circulation models, coupled with a greater understanding of 2 larval behaviour, have increased the sophistication of individual-based, biophysical models used to 3 study the dispersal of larvae in the sea. Fish larvae, in particular, have the ability to swim directionally 4 and increasingly fast during ontogeny, indicating that they may not only disperse, but also migrate 5 using environmental signals. How and when larvae use local and large-scale cues remains a mystery. 6
indicates that there are quantifiable differences in the swimming behaviour of fish larvae between low 127 and high latitudes. 128
Orientation in response to multiple navigational cues 129 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 navigation would be the use of both a compass and a map. For example larvae could detect map-like 143 cues originating at the sea surface and compensate for displacement, while using a sun compass to 144 swim directionally (Paris et al., in review) . These types of behaviours using large-scale cues would be 145 relevant early in the pelagic phase or while fish are still far from the settlement habitat, unable to 146 detect proximal cues (e.g., Figure 1 be used to create an "odor plume." Then various types of rule-based behaviours could be assigned to 155 the larvae when they encounter the plume (e.g., Figure 1 , region C). For example, when the 156 concentration of the odor exceeds a given threshold, larvae could begin orienting towards its source 157 using an infotaxis search strategy (Vergassola et al., 2007) . 158 The internal state of the organism at any point during its pelagic journey will influence its 179 motivation to move, its movement capabilities, and its navigational abilities (Nathan et al., 2008) , 180 which in turn will influence the degree to which orientation behaviour shapes its path. Furthermore, 181 the feeding history and total distance traveled by the larva will affect its state upon arrival at the reef, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In conclusion, because larval fish are capable of significant vertical and horizontal migrations 251 and can travel significant distances regardless of the transport by currents (Figure 2) , realistic three-252 dimensional swimming should be included routinely into biophysical models in order for this field to 253 move forward. With the modeling framework for oriented swimming outlined above, and existing 254 models for vertical migration, scientists can already ask questions about the relative role of different 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 1 . A theoretical framework shows the various cues available to larvae as they move throughout space. Region A: Far from the reef, orientation is limited to use of magnetic cues, polarized light, or sun compass; larvae simply swim towards a particular cardinal direction or maintain an angle relative to the mean direction of surface capillary waves. Region B: Inside the acoustic far field, organisms with the ability to detect acoustic pressure can use it as a navigational signal; larvae swim toward the origin of this radially propagating cue. Region C: Inside of an odor plume, chemical signals may provide information about the source of the odor; larvae that encounter an odor plume may swim upstream (taxis) or swim at a different speed (kinesis). Region D and E: Within the acoustic near-field, fish can detect the direction of the sound source; larvae swim towards the origin of this radially-propagating cue. In areas such as D and C, where multiple cues are available, larvae should orient using a rule-based hierarchy based on empirical data. The actual size of regions B-E depends upon the intensity and frequency components of the soundscape, the concentration of chemicals on the reef, the magnitude of turbulence, the mean current speed and direction near the reef, as well as detection abilities of the study species. 125x92mm (300 x 300 DPI) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 showing species-specific peaks and valleys in the behavioral seascape. In this simulation, 1000 particles (larvae) were spawned a the origin location (i.e., zero represents the birth place). The particles were moved stochastically in the vertical following a (depth x time) matrix of field-based larval probability density distribution through ontogeny (Paris et al., 2007) and swam horizontally with variable speed that increased with age (i.e., using Model 1 from Fisher et al., 2005; Length-at-hatch = 0.2 cm, Velocity-at-hatch = 1.9 cm/s) and hypothetically increasing with depth (i.e., Velocity-at-settlement = 0.55 cm/s per meter). At all times, larvae were keeping a one-dimensional bearing along the distance axis. Color-code indicates the proportion of larvae in space and time, where the X-axis is the pelagic larval duration (PLD), the Y-axis is the cumulative distance traveled, and Z-axis is depth. This representation indicates that in theory, approximately 25% of L. analis larvae that swim with a constant bearing could transport themselves up to ca. 150 km in 30 days. This simple model further suggests that some larvae could overcome similar ranges of drift and potentially come back home, assuming that they can feed to replenish the energy utilized for swimming, and ignoring pelagic mortality. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
